Angiotensin I-converting enzyme (ACE, EC 3.4.15.1) is one of the most important enzymes in the renin-angiotensin system, a major blood pressure control system in mammals. We synthesized , respectively. On the other hand, carboxypeptidase B did not hydrolyze IQF substrates. The newly developed IQF substrate, Nma-Phe-His-Lys(Dnp), is a valuable tool for ACE and carboxypeptidase studies.
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The renin-angiotensin system (RAS) plays an essential role in blood pressure control and cardiovascular functions (11, 13) . Renin (EC 3.4.23.15), a highly specific aspartic proteinase, catalyzes the liberation of inactive decapeptide angiotensin I (AI) from plasma substrate angiotensinogen. The produced AI is activated by peptidyl dipeptidase A, angiotensin I-converting enzyme (ACE, EC 3.4.15.1), which mainly exists in vascular endothelial cells to produce a potent vasoconstrictor, angiotensin II (AII). ACE also hydrolyzes and inactivates bradykinin, a potent vasodilator. AII directly acts on arterial smooth muscle cells to maintain blood pressure. The peptide also accelerates the release of aldosterone from the adrenal cortex to induce sodium retention in the kidney. This also induces high blood pressure. Thus, control of RAS is the major target for cardiovascular disease therapies. Several methods have been reported for assaying ACE activity using synthetic substrates (3). In 1971, Cushman and Cheung (4) used ACE-specific substrate (hippuryl) Hip-His-Leu coupled with spectrophotometric detection of the product hippuric acid. The assay has low sensitivity and low reproducibility due to the presence of interfering substances. Other ACE assay methods utilize radioisotopic (12) , fluorimetric (6) , and HPLC procedures (2, 9) for measurement of the product. These methods have some disadvantages such as contamination of interfering substances in the sample, complexity of the assay method, and synthesis of radioactive compounds. Internally quenched fluorogenic (IQF) sub-Silverstein (6). The reaction mixture contained 40 μL of 0.1 M sodium borate buffer, pH 8.3, 0.3 M NaCl, 2 mM Hip-His-Leu, 5 μL of inhibitor solution or buffer, and 5 μL of ACE solution in a total volume of 50 μL. The reaction mixture was incubated at 37°C for 30 min and the reaction was terminated by adding 50 μL of 0.1 N NaOH. Then, 10 μL of 1% o-phthalaldehyde in methanol was added and incubated for 10 min at room temperature. After the reaction, 140 μL of 0.1 N HCl was added to the reaction mixture and fluorescence intensity was measured at an emission wavelength of 460 nm with an excitation wavelength of 355 nm. His-Leu was used as a standard. The molar concentrations of the commercially available rabbit lung ACE and rh-ACE were determined to be 1.80 and 16.0 nmol/mg protein, respectively. Table 1 shows kinetic parameters for the hydrolysis of IQF substrates and Hip-His-Leu by rabbit lung ACE. Nma-His-Pro-Phe-Lys(Dnp)-Pro gave two-fold lower K m value than Nma-PheHis-Lys(Dnp). However, the k cat value for NmaHis-Pro-Phe-Lys(Dnp)-Pro was much smaller than that of Nma-Phe-His-Lys(Dnp). Thus, Nma-PheHis-Lys(Dnp) gave 2.5-fold higher k cat /K m value (5.12 μM
) than Nma-His-Pro-Phe-Lys(Dnp)-Pro (1.90 μM −1 s −1 ). The common substrate for ACE, Hip-His-Leu, showed a K m value two orders of magnitude higher than those of IQF substrates. Thus Nma-Phe-His-Lys(Dnp) is the best substrate for rabbit lung ACE among them. Next we determined the kinetic parameters of rh-ACE for IQF substrates and Hip-His-Leu ( Table 2) . The activity patterns of rh-ACE are nearly the same as those of rabbit lung ACE. Nma-Phe-His-Lys(Dnp) gave the highest k cat /K m value (16.0 μM
) for rh-ACE among substrates. This value is about 3-fold higher than that of rabbit lung ACE (5.12 μM −1 s −1 , Table 1 ), indicating that Nma-Phe-His-Lys(Dnp) is a suitable substrate for rh-ACE. Common ACE substrate Hip-His-Leu showed only 2% activity of Nma-Phe-His-Lys(Dnp). This value is in good strates have been developed for sensitive and specific assay methods for proteinases including RAS-related enzymes, ACE and renin (1, 8, (14) (15) (16) . In the case of IQF substrates for ACE, bradykinin had been selected as a model sequence (1) . In the present study, we synthesize novel IQF substrates for ACE based on the amino acid sequence of AI. AI was chosen because it is the ACE substrate to produce AII, strong vasoconstrictor. In addition, AI-related peptide substrate Hip-His-Leu is a very common substrate for ACE. The synthesized substrate Nma-Phe-His-Lys(Dnp) is an excellent substrate for ACE. Moreover, we found that Nma-PheHis-Lys(Dnp) is suitable for carboxypeptidase Y assay. Fig. 1 shows the structures of IQF substrates for ACE. Nma-Phe-His-Lys(Dnp) is a simple and smallest IQF substrate for ACE. It is well known that Pro at the C-terminal is well accepted by ACE (10) . Thus, we also synthesized C-terminal Pro-residueattached ACE substrate Nma-His-Pro-Phe-Lys(Dnp)-Pro. Nma-Phe-His-Lys(Dnp) and Nma-His-Pro-PheLys(Dnp)-Pro were synthesized by the solid phase method with an ABI 430A peptide synthesizer using the Boc strategy on a Boc-Lys(Fmoc)-Merrifield resin and a Boc-Pro-Merrifield resin, respectively. The protected peptide resins were treated with hydrogen fluoride to give crude products, which were purified by HPLC. The structures of the purified synthetic peptides were confirmed by mass analysis and amino acid analysis of acid hydrolysate. The purity of the peptides was more than 99% by reversed phase-HPLC. Rabbit lung and rh-ACEs were obtained from Sigma (St. Louis, MO, USA, Lot: 056K74251) and R & D Systems (Minneapolis, MN, USA, Lot: FQJ0207011), respectively. The molar concentrations of the enzymes were determined by active site titration with lisinopril (Sigma, Lot: 069K4710) (5). ACE assays using IQF substrates were as follows. The reaction mixture contained 40 μL of 0.1 M HEPES, pH 7.5, 0.3 M NaCl, 5-40 μM IQF substrate, 0.02% Tween 20, 0.02% NaN 3 , 5 μL of inhibitor solution or buffer, and 5 μL of ACE solution in a total volume of 50 μL. The reaction mixture was incubated at 37°C for 30 min and then the reaction was terminated by adding 0.2 mL of 0.1 M triethanolamine, pH 9.5. The increase in fluorescence intensity was measured at an emission wavelength at 440 nm upon excitation at 340 nm. The K m and k cat values and the type of inhibition were determined by Lineweaver-Burk plots. The K i values were calculated from Dixon plot. ACE assay using Hip-HisLeu was performed by the method of Friedland and fer, pH 6.0, 0.15 M NaCl, 5-40 μM IQF substrate, 0.02% Tween 20, 0.02% NaN 3 , 5 μL of inhibitor solution or buffer, and 5 μL of CP solution in a total volume of 50 μL. The reaction mixture was incubated at 37°C for 30 min and then the reaction was terminated by adding 0.2 mL of 0.1 M triethanolamine, pH 9.5. The increase in fluorescence intensity was measured at an emission wavelength of 440 nm upon excitation at 340 nm. agreement with that reported previously (17) . Dose-dependent inhibitions of rabbit lung ACE and rh-ACE by captopril are shown in Fig. 2 . Captopril is a well-known ACE-specific inhibitor (5, 13, 17) . Captopril strongly inhibited rabbit lung ACE compared with rh-ACE with IC 50 values of 260 and 800 pM, respectively. Detailed results of inhibition studies are shown in Fig. 3 . The kinetic analysis showed that captopril inhibited both rabbit lung ACE and rh-ACE competitively with K i values of 0.17 and 1.53 nM. These results are in good agreement with reported values (17) . For the application of the synthesized IQF substrates, we tested the ability of the substrates for carboxypeptidase (CP) assay. CPs hydrolyze at carboxyl terminals of the polypeptide chain and release a single amino acid. The enzymes were divided into three groups (serine, metallo-, and cysteine CPs) based on the nature of the amino acid residues at the active site of the enzyme. The usual assay method for the enzyme is based on the rate of hydrolysis of benzyloxycarbonyl(CBZ)-Phe-Leu or related peptides. The rate of the reaction can be measured with either the colorimetric ninhydrin method or a spectrophotometric method (7). These methods are relatively simple but have low sensitivity and low selectivity. Thus, we used commercially available CPs, carboxypeptidase Y (CPY; Oriental Yeast, Tokyo, Japan, Lot: 21003001) and carboxypeptidase B (CPB; Calbiochem, Darmstadt, Germany, Lot: D00103589), to evaluate the IQF substrates. Assay of CPs using IQF substrates was as follows. The reaction mixture contained 40 μL of 0.1 M MES buf- and recombinant human ACE (-■-) by captopril. Nma-PheHis-Lys(Dnp) was used as a substrate. Rabbit lung ACE (2.78 ng) or rh-ACE (0.25 ng) was incubated with the indicated amount of captopril in a total volume of 50 μL. The ACE activity without captopril was used as a control. Each result is the mean value of triplicate determinations. measurement of the fluorescence of the o-phthalaldehyde derivative (6) . The newly developed IQF substrate for ACE, Nma-Phe-His-Lys(Dnp), is much more sensitive than Hip-His-Leu. The assay system could be applicable for clinical studies or ACE inhibitor screening of various foodstuffs. Moreover, the substrate is suitable for CP studies. Taking these findings together, novel IQF substrate, Nma-Phe-His-Lys(Dnp), is an excellent substrate for ACEs and CPs.
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CPY is a well-characterized serine-CP from yeast. CPY is a useful tool for the sequence analysis of carboxyl terminal amino acid residues and limited proteolysis of proteins and peptides in combination with other proteinases (7). The enzyme did not hydrolyze both Nma-His-Pro-Phe-Lys(Dnp)-Pro and Hip-His-Leu. However, Nma-Phe-His-Lys(Dnp) was found to be a good substrate for CPY. The optimum pH of CPY for Nma-Phe-His-Lys(Dnp) hydrolysis was determined to be pH 6.0 using a wide-range buffer system (data not shown . The k cat /K m value for Nma-Phe-His-Lys(Dnp) is one or three orders of magnitude higher than that of CBZ-Phe-Leu or CBZ-His-Leu (7) ( Table 3 ). These results indicate that Nma-Phe-His-Lys(Dnp) is also a good substrate for CPY. On the other hand, CPB did not hydrolyze Nma-Phe-His-Lys(Dnp), NmaHis-Pro-Phe-Lys(Dnp)-Pro, or Hip-His-Leu (data not shown). The determination of ACE activity in human plasma is based on the hydrolysis of Hip-His-Leu and 
